Abstract-The connection of resources, data, and knowledge through communication technology plays a vital role in current collaborative design methodologies and Product Lifecycle Management (PLM) systems, as these elements act as channels for information and meaning. Despite significant advances in the area of PLM, most communication tools are used as separate services that are disconnected from existing development environments. Consequently, during a communication session, the specific elements being discussed are usually not linked to the context of the discussion, which may result in important information getting lost or becoming difficult to access. In this paper, we present a method to add synchronous communication functionality to a PLM system based on annotated information embedded in the CAD model. This approach provides users a communication channel that is built directly into the CAD interface and is valuable when individuals need to be contacted regarding the annotated aspects of a CAD model. We present the architecture of a new system and its integration with existing PLM systems, and describe the implementation details of an annotation-based video conferencing module for a commercial CAD application.
I. INTRODUCTION
In today's globalized and knowledge-based economies, engineering organizations rely as much on their collective body of knowledge and experience as their physical and economic assets (Ping-Hung et al., 2003) . Engineering design is a complex and multidisciplinary activity that depends largely on a skilled workforce possessing "know how," "know what," and "know why." Like other types of knowledge work, specialists from various disciplines must work together to accomplish specific goals, increase performance, and reduce development time and costs without compromising quality. Success in engineering design not only requires that technical needs be met, but they must also be met efficiently and effectively (Alavi and Tiwana, 2002) .
The constant pressure put on organizations and ever increasing customer's expectations for rapidly delivering high-quality products at competitive prices require new methods, tools, and a more efficient use of resources and technology to meet the demands and gain or maintain competitive advantages (Toussaint and Cheng, 2002) . For this reason, modern engineering teams are gradually replacing traditional centralized product development paradigms with more efficient concurrent methodologies, where teams share knowledge and work collaboratively in virtual environments. This shift in methodologies has allowed a better integration of design, manufacturing, and other related tasks as well as a reduction of development times by maximizing the parallelization of working practices (Levitt et al., 1991) .
Communication is a critical element in collaborative engineering activities for connecting ideas and developing a shared understanding of the final design product, as a considerable portion of engineers' time is spent sharing and exchanging information (Lahti et al., 2004; Gupta et al., 2009) . In this context, the integration of resources, data, and knowledge through communication is vital, as these elements act as channels for information and meaning, and have a direct impact in many engineering outcomes (Danesi et at., 2006; Barley et al., 2012) . As engineering projects become larger, more distributed, and increasingly more complex, the role of specialized tools to support design activities becomes more relevant (Chudoba et al., 2005; Fuh and Li, 2005) . Consequently, organizations continue to make significant investments in information technology specifically designed to support the sharing of knowledge (Wasko and Faraj, 2005 (Tay and Roy, 2003) , and other integrated tools for collaborative CAD have also been developed. Commercial CAD packages, however, are still dominant players in professional production environments. In a PLM setting, communication can be managed by Computer Supported Collaborative Work (CSCW) modules, one of the major functional blocks of the PLM system. Some of the functionality provided by these modules includes messaging, videoconferencing, and electronic blackboards.
In this paper, we review the use of communication technology, particularly video conferencing, as a tool to support information exchange in collaborative engineering environments. We examine user-to-user communication and discuss the lack of integration of communication tools with actual design applications. We argue that this disconnection makes it difficult to address specific challenges and design tasks in a purely collaborative manner. We justify the importance of a full integration and propose a model to incorporate CSCW technology within existing Computer-Aided Design (CAD) packages so that all communication activities are funneled through annotated CAD models. Finally, the architecture of a software component that provides real time communication (messaging and video/audio) capabilities to CAD systems is described. The component interacts directly with the CAD package and can be added to existing PLM systems.
II. RELEVANT LITERATURE

A. Communication in Product Lifecycle Management (PLM) Systems
The size and complexity of today's pressing design challenges requires collaborative efforts in which a successful combination of individual solutions must be achieved. As product development projects become more demanding, the idea of a solitary engineer able to master all the intricacies of the project is no longer viable (Arias et al., 2000) . Instead, teams of designers, even when geographically dispersed (You and Chao, 2006) , must work simultaneously on a variety of tasks while using the most up-to-date documents and drawings (Abrahamson et al., 2000; Vila et al., 2007) . Therefore, capturing, processing, and managing all the information that is exchanged during collaborative activities, as well as making this information easily accessible to the appropriate teams, are necessary prerequisites for success (Ahmed, 2005) and may speed up future design projects by enabling better design reuse (Bai et al., 2010) . In this regard, Product Lifecycle Management (PLM) systems play a fundamental role in modern product development and engineering design processes.
Distributed design environments have been transformed from single standalone workstations to a combination of software systems, services, and infrastructures ) that support collaboration, communication, and content management. Specifically, collaboration is supported by increasing responsiveness, information availability, and mass customization; communication is facilitated by reducing transfer times and data navigation iterations; and content management is improved by providing consistent and accurate product definition and helpful product viewing (Toussaint and Cheng, 2002) . According to (Fonseca et al., 2006) , software applications involved in collaborative design can be categorized in three groups:
 Communication Applications, such as email, messaging services, or videoconferencing, used to support communication among teams.
Product Lifecycle Management (PLM) refers to the activity of managing, in the most effective way, all product related information and processes across the enterprise throughout its entire lifecycle, from initial concepts to retirement and disposal (Stark, 2011) . It is a concept that integrates data, users, processes, and systems, providing a product information framework for the extended enterprise. As a technology solution, it establishes a set of tools and technologies that provide a shared platform for collaboration among product stakeholders and streamlines the flow of information along all the stages of the product life cycle (Ameri and Dutta, 2005) .
The diverse nature of PLM systems has promoted the development of new collaborative design tools, which combine CAD, Product Data Management (PDM), and Web access in an integrated environment. According to (Sharma, 2005 ), collaboration at the highest level could be viewed as a framework to connect People, Processes and Information. This connection cannot exist without an underlying PLM structure that facilitates communication, as it is through communication that teams make sense of the information needed for their work, their shared sense of who knows what, and the shared meaning of the ideas necessary to knowledge work (Yuan et al., 2010) . Therefore, a robust communication infrastructure, typically based on Internet technology, is a necessary condition for the success of a distributed collaborative environment (Londono et al., 1992; Upton and Mcafee, 1999) .
From a communication technology standpoint, creative dialogs and technical discussions can be established by PLM users in a variety of forms, including chats, forums, instant messages, videoconferencing, or screen sharing sessions (Leenders et al., 2003) . Naturally, all these services are readily available in the PLM environment, which offers a number of tools that facilitate information exchange and virtual meetings among designers, often in the form of web-based applications (Chudoba et al., 2005; Tavčar et al., 2013) . In most cases, however, the tools are separate from the design system and shared CAD models, and frequently run as standalone desktop applications or web services. Examples include email clients, instant messaging applications, and telecommunications software. As a result, the specific elements being discussed are usually not linked to the context of the discussion, which may result in important information becoming difficult to access or getting lost in email inboxes or voice mail recordings (Siltanen and Valli, 2013) . In fact, despite engineering firms' significant investments in PLM technology, email remains one of the most popular and widely used information sharing tools (Gantz et al., 2007) and has become central to working processes in enterprises (Fisher et al., 2006; Wasiak et al., 2010) . Despite its asynchronous nature and intrinsic limitations to efficiently manage large volumes of information, many organizations are acknowledging the value of email exchanges as an information source and are starting to offer support and develop tools to take advantage of this resource (Wasiak et al., 2010) .
In an industrial setting, a PLM system is typically a multiplatform and multivendor environment, which means that communication standards are critical to ensure interoperability. In this regard, a number of standards have been developed by the International Telecommunication Union and the International Multimedia Teleconferencing Consortium. The standards for multimedia conferencing include recommendations related to both the communication and collaboration layers, as summarized by (Contero et al., 2002 ) and shown in Figure 1 .
Recommendations related to data conferencing include T.126, the multipoint still image and annotation protocol; T.127, the multipoint binary file transfer protocol; T.128, for multipoint application sharing; and T.134, a text chat application entity. In terms of audio and videoconferencing, recommendations include standards for communication bandwidth, video codec, and call control 
B. Videoconferencing Technology for Collaborative Design
Research shows that communication mechanisms increase the cooperative awareness of participants in shared environments and play an important role in the resolution of conflicts during the design process (Fu et al., 2013) . Collaboration is inherently dynamic and synchronous, i.e. real-time, where communication between two or more individuals takes place simultaneously, like a face-to-face conversation. Although early research suggested that being able to see the conversational partner's faces is surprisingly unimportant in communication, video used to share data does improve communication when it contains the objects being talked about (Karsenty, 1999; Anderson et al., 2000; Fussell et al., 2000) . In this context, studies in the area of CSCW show that video conferencing may be the most effective communication tool for distributed teams (Gowan Jr. and Downs, 1994) . For example, in a study by (Isaacs and Tang, 1994) , researchers found that video improves the ability to show understanding, forecast responses, give non-verbal information, enhance verbal descriptions, manage pauses, and express attitudes (Isaacs and Tang, 1994) .
From a user satisfaction point of view, researchers agree on the positive impact of video conferencing for successfully resolving tactical tasks collaboratively (Gowan Jr. and Downs, 1994; Kydd and Ferry, 1994; Olson et al., 1995) , but its effectiveness depends on various factors, including the quality and responsiveness of the media (bandwidth), and the specific task that needs to be accomplished (Gajewska et al., 1994; May and Carter, 2001 ). According to (Isaacs and Tang, 1994) , high-quality audio and video, as well as usability, reliability, and support (tools must be simple, easy to use, and as reliable as standard telephone and office applications) are basic requirements for the success of a collaborative videoconferencing system. Appropriate feedback and data access and security are also expected.
Some attempts at communication systems include browser-based services such as Google App Engine, Adobe LiveCycle Collaboration Service, and technology like WebSocket (Hickson, 2009 ), which provides bidirectional communications channels over TCP. Advanced commercial solutions such as Skype, Apple's FaceTime, or Google Hangouts are also finding its place in the extended enterprise.
Nevertheless, video conferencing sessions cannot be easily managed by current PLM systems, partly because the information cannot be effectively stored and organized in database structures. In addition, the lack of integration between PLM, CAD environments, and communication tools causes a disconnection between the context and the elements of communication (Siltanen and Valli, 2013) . In most cases, video conferencing sessions are used in combination with a shared screen, where groups of users interact with a CAD model simultaneously (although only one user can manipulate it at any given time). The result is typically a series of stand-alone tools working independently with no connection to existing CAD software solutions. In this regard, the following drawbacks have been identified :  Additional applications must be run independently from the CAD application to manage the shared environment.
 Integration with existing CAD/PLM systems is difficult, expensive, and often unreliable.
 Editing capabilities in collaborative environments are limited, i.e. when changes need to be made to a model, users are forced to constantly switch between applications.
In addition, when videoconferencing functionality is provided by external commercial tools, other problems appear, including:
 Many video-conferencing tools are not standards-compliant, allowing any vulnerability to pass through corporate firewalls.
 Encryption are typically closed source and prone to man-in-the-middle attacks. Confidentiality and integrity are essential services in any secure video conferencing system.
 Because the service is provided by an external source, outages, downtime, and security cannot be controlled by the organization.
 Numerous video conferencing tools have been reported to use excessive computer resources and network bandwidth.
 Many of the existing tools are untraceable and not auditable, putting organizations that are subject to compliance laws at risk.
For these and other reasons, some system administrators have banned commercial; video conferencing tools on corporate, government, and education networks. In this paper, we propose the addition of collaborative synchronous functionality, particularly real time video/audio communication, to existing CAD systems to facilitate direct point-topoint communication among individuals involved in a particular design activity. Our system is presented a software module that can be integrated in PLM environments using annotated CAD models as mediators for communication. This approach provides a mechanism to interact with other members of the design team without having to use a separate application or leave the CAD environment, and gives corporations full control of their communications technology.
C. Annotated CAD models
3D CAD annotations have emerged in recent years as an topic of interest in knowledge management and design engineering research (Yang et al., 2008) . This type of annotation uses text and in some cases other forms of content to allow for improved retrieval and exchange of knowledge about the model. In collaborative environments, annotations allow members of a design team to see "who did what" (Hong et al., 1996) .
Annotations have facilitated the advancement of the Model-Based Engineering (MBE) paradigm, a modern approach to product development that uses 3D CAD models as the data source for all engineering activities throughout the product life cycle (Lubell et al., 2012) . According to (Frechette, 2011) , digital models can be understood as vehicles for the delivery of product information, using the 3D views of the model to annotate specific operations, such as manufacturing planning, production simulation, and materials procurement. In this context, modern commercial CAD systems provide "Product and Manufacturing Information" (PMI) modules that support the incorporation of Geometric Dimensioning and Tolerancing (GD&T), 3D textual annotations, surface finishes, and other product specifications in 3D CAD models. These PMI modules are implementations of standards for digital product definition data practices, such as ASME Y14. In our previous work, we developed a broader and more interactive annotation structure that enhances current annotation mechanisms and demonstrated the feasibility of this new model in terms of explicit representation and communication of design intent information . In this paper, we further enhance this structure by transforming it into a mediator of synchronous communication (video conferencing, shared screen, and instant messaging).
III. EXTENDED ANNOTATIONS IN PLM ENVIRONMENTS
The proposed work builds on the previous studies of the authors in the areas of CAD annotation, CAD methodology, and collaborative design . We define an extended annotation as an annotation structure where information is stored both internally (within the CAD model) and externally (in an external repository). The new structure benefits from the existing support for internal annotations available in most CAD systems and the recent formalization of annotation practices by standards such as ASME Y14. 41-2003 and ISO 16792:2006. The system is comprised of three major components: the internal representation, the extended external representation, and a synchronization agent called "annotation manager" that ensures information integrity between the two representations and provides powerful visualization and filtering mechanisms to the user. External representations are enhanced versions the annotations that include relevant data such as creator, date, and links to external documents with the purpose of turning CAD models into more semantic elements and ultimately defining complete annotation-based information systems.
A key attribute of the external representation of the annotations, particularly when a database is used, is the ability to integrate annotation information in a PLM system. Part of the annotation manager resides in the Product Data Management (PDM) module of the PLM and uses the CAD system's application programming interface to extract and insert annotation data. The internal representation of the annotations is stored inside the CAD model and managed directly by the PDM module; external representations are managed as an additional database in the PDM. A representation of the extended annotation model as well as the integration architecture with the PLM system is shown in Figure 2 . Other PLM modules have been omitted for clarity.
Integration with CAD applications and PLM environments are fundamental requirements to guarantee the success of 3D mediated communication tools. According to (Siltanen and Valli, 2013) , all tools should be based on standard applications used in every company within an extended enterprise and all communication tools should be integrated with the PLM systems so discussions can be linked to PLM objects and discussion history can be retrieved for each object.
Figure 2. Extended annotations and PLM integration
The availability of annotation information in PLM repositories enables a more efficient use of shared CAD models by facilitating access to design information. For example, annotation information can be used by external applications to analyze model quality, design practices, or study interactions between users in collaborative environments.
In addition, automatic mechanisms to save and manage historical information about particular decisions and design changes can be implemented. This information can be used to study the evolution of CAD models and design intent information in collaborative environments, or analyze team interactions over time. Annotation records also allow users to restore previous annotations or revert back to earlier annotation states of the model, if necessary.
IV. SYNCHRONOUS COMMUNICATION FUNCTIONALITY
In a scenario where heavily annotated CAD models are used and shared by various members of a design team to communicate design intent and/or manufacturing information, specific questions regarding annotation information may need to be answered and certain aspects of the model may need to be explained by designers when annotations are not clear. An efficient mechanism to communicate with users that are involved in a particular design task and create specific annotations is desirable.
We propose the addition of synchronous communication functionality to the annotation system developed in our previous work (described above). The new capabilities are presented as an extension to our annotation manager tool, which was originally developed to improve user interaction with heavily annotated models by combining internal and external representations of the annotations. In our approach, 3D annotations are used as information-rich mediators between participants where user information is available per annotation. Users interacting with a shared model can utilize annotations as communication links to contact other users. Users include model creators, consumers of CAD models created by other participants, and annotators.
The proposed solution is presented as a complimentary module that provides instant messaging, IP-based point-topoint video communication, and screen sharing services to the CAD application. Communication is managed through the PLM system but, once established, it does not rely on a central server. The architecture of the system is shown in Figure 3 . Traffic between the CAD system and the PDM module (to synchronize CAD files, update versions, etc) is shown with dashed lines. Data flow to and from the annotation manager and the communications module is indicated with solid lines.
For any CAD model in a design project, participants' information is linked to the annotations. User information is stored per annotation as part of the external annotation database in the PLM system. This information is connected to a new table that contains the contact information (IP address and port) required by the communication module to establish a session. If an annotation is selected in the CAD model, the annotator's information is available to the user and a video call or screen sharing session can be requested.
When a communication session is started, the annotation manager retrieves user information from the corresponding table in the PLM system and creates a point-to-point connection between the two users. Commands are available to establish instant messaging, video calls, and shared screen sessions with the selected participants. In our previous work , we created a software plug-in that connects with the CAD environment (DS SolidWorks®, in our case) as an extra set of tools by using the Application Programming Interface (API) capabilities provided by the CAD application. To evaluate the new communications module, we improved our original prototype by adding a point-to-point video conferencing service. The software was designed with flexibility in mind so it could be easily ported to other platforms and packages.
The communications module was developed as a multithreaded application (see Figure 4) . To ensure responsiveness to other users' requests, the module implements a server thread that listens to incoming connections. A separate client thread is used to request communication and initiate the session. Additional responsibilities of the client thread include receiving, decoding, and displaying the video frames. The User Datagram Protocol (UDP) was used for video transmission to guarantee a continuous data stream. Because of the time-sensitive nature of the data (real-time audio and video), dropping packets is preferable to waiting for delayed packets. Therefore, the lack of retransmission delays makes UDP suitable for real-time streaming applications. For initial testing and demonstration purposes, our current prototype transmits both audio and video in an uncompressed form. Because video conferencing applications require real-time compression in which frames are quickly captured and sent to the network, future plans include the incorporation of high-definition video compression techniques such as H.264.
The workflow using the annotation manager with the video conferencing module is illustrated in Figure 5 . First, the user loads an annotated model from the PLM system onto her workstation and selects the annotation of interest directly from the 3D model or via the annotation manager interface, where all model annotations are listed in tabular form showing all related metadata (type, creator, date, etc). When an annotation is selected, it is highlighted both in the 3D model and in the annotation manager area, which provides an effective visual cue to the user. Next, a communication session can be started by selecting a command from the list that is available per annotation. By clicking "contact annotator," the annotation manager automatically connects to the PLM system and requests the contact information (IP address and port) of the annotator. The PLM system sends the information back to the client and the video call is started. At the same time, the user on the other end receives a notification and is prompted to accept the request. When the session is established, all data transmissions between the participants take place without PLM intervention. 
V. CONCLUSIONS AND FUTURE WORK
Geographically dispersed teams rely on information and communication technologies (ICTs) to communicate and collaborate. Our research is focused on addressing some of the intrinsic limitations of traditional model-based engineering systems and the current representation of design information. The use of model annotations as communication elements have the potential to facilitate collaborative development and lead to significant gains in terms of quality and design reusability.
Our extended annotation mechanism was significantly enhanced by incorporating synchronous communication functionality shows that 3D CAD models can be utilized to a much larger extent in collaborate design environments throughout the product life cycle than they currently are. The inherent constraints of using external applications that are disconnected from design environments cause integration and compatibility problems with existing systems. In addition, users must learn yet another program and be constantly switching between multiple programs when used in real design scenarios. For these and other reasons, it is difficult for these applications to find acceptance in the concurrent engineering workflow.
In this paper, we have proposed a novel architecture to collaborative engineering based on annotated models that incorporates synchronous communication functionality "per annotation." In our system, users can select a specific annotation from the model and establish a communication session with other users involved with the annotation directly from the CAD environment.
Despite the fact that the communications module was shown to a number of engineers and product designers in an informal setting and positive initial reactions were observed, a formal validation with users in production environments and a comparative study with other communication tools are still necessary. Also, performance testing and analysis of the impact in the modeling workflow is required for situations where multiple users are connected to the same conference session.
Future efforts will be dedicated to improve streaming and video quality by using different video compression systems, such as H.264, and the use of advanced buffering techniques to order incoming packets and ensure a constant flow of frames. Flow control algorithms will be necessary to prevent buffer underflows (which may result in gaps during video display) and overflows (which result in frame loss).
Finally, video recording capabilities and automatic captioning can be implemented for subsequent processing and playback of the video stream. This would allow users to export the information discussed in the video call to textual formats, so it can be managed and processed by other users and applications. The availability of the information in textual form can make this otherwise inaccessible information a data source for automatic data mining and knowledge extraction techniques.
